The Sultanate of Oman has a long coastline extending for about 3165 km including a number of bays and islands. Oman's coastline borders the Arabian Gulf, the Sea of Oman and the Arabian Sea. Most of this coastline is soft and low laying shore subject to the dynamics of sediment transport and the landward retreat of the shoreline, caused by anthropogenic factors and sea level rise associated with climate change. This paper aims to assess the vulnerability of the entire Omani coastal zone to the expected sea level rise and storm surge. Methodology is based on applying Coastal Vulnerability Index (CVI) to identify clusters of high vulnerability areas according to their sensitivity and dynamic nature and increased risk resulted from seal level rise, erosion and extreme weather events. The coastal line of the governorates of Al Batinah, Muscat and Al-Wusta has scored highly due to possessing similar physical attributes. Based on that assessment a coastal vulnerability database utilizing GIS was created to help stakeholders involved in the coastal management to make better decisions.
Introduction
Sea level rise in the present time represents one of the most significant climate change indicators that affect coastal areas. It is expected to continue rising and possibly accelerate in the future due to the increase in the av-erage global surface temperature, and influences from changes in ice sheet dynamics. The global mean sea-level rise situation actually results from thermal expansion as well as ice melt. Knowledge of these processes is quite essential and represents an appealing area of research for assessment of coastal vulnerability to climate change. The Intergovernmental panel on climate change (IPCC) reports defines vulnerability to climate change as the degree to which a system is susceptible to, and unable to cope with, adverse effects of climate change, including climate variability and extremes. According to the IPCC vulnerability is a function of the character, magnitude, and the rate of climate change to which a system is exposed, its sensitivity, and its adaptive capacity [1] . The assessment may include already implemented measures as well as scenarios of future adaptation.
Coastal geomorphic processes of erosion and accretion and sea level changes continuously modify the shoreline. The primary causes of coastal erosion and landward retreat of the shoreline are direct wave action, the interception of littoral drift, sea level rise, and human interference. The sea level rise at any particular location is controlled by processes such as melting of polar ice caps and glaciers, changes in sea temperature and thermal expansion, seafloor spreading and undersea volcanism, changes due to localized subsidence or uplift of the coastline, and changes from the deposition of sediment. Ocean thermal expansion and high waves associated with extreme meteorological events (atmospheric depressions) can also cause temporary coastal erosion [2] .
The Sultanate of Oman has an extended coastline extending for about 3165 km including a number of pays and islands. Most of this coastline is soft and low laying shore subject to the dynamics of sediment transport and landward retreat of the shoreline caused by anthropogenic factors such as coastal engineering activities, and natural processes such as sea level rise associated with climate change. Despite their buffer role and resilience, low laying sandy coasts and the associated tidal inlets, coastal lagoons and the adjacent salt flats and coastal sabkhas, which are numerous around the coast of Oman, may not be stable in the long term. They are subject to change in their morphology by coastal geomorphic processes of erosion and accretion caused by sea level changes which continuously modify the shoreline.
This paper aims to assess the vulnerability of the entire Omani coastal zone to the expected sea level rise, and ocean thermal expansion and high waves associated with extreme meteorological events (atmospheric depressions) throughout the calculation of The Coastal Vulnerability Index (CVI). CVI is one of the most commonly used and simple methods to assess coastal vulnerability to sea level rise. Spatial analysis conducted within a Geographical Information System (GIS) employing geo-processing tools (e.g., buffering, overlay, union/intersection, interpolation) allows researchers to quantitatively assess the vulnerability of coastal areas. A geoprocessing model consists of one or more algorithms that create new spatial data from specified input data to calculate the CVI [3] .
Study Area
Oman's coastline borders the Arabian Gulf in the North and northwest, Sea of Oman in the northeast and the Arabian Sea in the southeast (Figure 1) . The low laying coastal areas in Oman support a significant proportion of the population in Oman. According to 2010 national censes, Al Batinah coastal plain and the adjacent Muscat Governorate accommodates 56% of Oman's population making it the most density populated region in the Sultanate. Furthermore, Salalah coastal plain, which is also soft and low laying shore, accommodates 8% of Oman's population. The low laying coastal areas in Oman have been experiencing rapid development over the past four decades. Infrastructures, including roads, corniches, hotels and tourism activities, residential houses, desalination plants, ports and fishing harbors are constructed along the coast. Such areas could be threatened by sea level rise. Furthermore, during the last couple of years the Sultanate of Oman has witnessed two strong tropical cyclones, Gonu 2007 and Phet 2010 which caused severe damages estimated at 5 billion USA and revealed the extreme vulnerability of the populated Omani coast to storm surge and flooding [4] . Even, without the impacts of extreme events, the coastal cities in Oman are currently exposed to flooding, erosion, and salinization of ground and surface water. The current hazard and the growing risk of the Omani coast, call for an application of geoprocessing model for a quantitative assessment of coastal exposure and sensitivity to Sea Level Rise.
Studies on coastal erosion and landward retreat of the shoreline in Oman are limited and mainly investigating coastal erosion in Al Batinah. [5] reported an extensive study on the statues of erosion along the coasts of Oman. They concluded that some coastal areas in Oman are experiencing severe erosion due to reduction in sediment supply by recharge dams and roads, construction of harbors and the long-term process of sea level rise. Badenhorst [6] considered the Al Batinah coast to be in a state of widespread erosion with recharge dams, sea level rise and harbour construction all being possible causes. In their Environmental Impact Assessment, Atkins [7] investigated the coastal area adjacent to Sohar Industrial Port. They have related the existed coastal erosion problem mainly to the coastal engineering activities such as harbor development. Al-Hatrushi [8] investigated the status of coastal erosion in Al Batinah and suggested that Al Batinah sandy shoreline is generally stable. However, local interruption of longshore transport by coastal engineering structures has caused limited erosion and accretion on short temporal and spatial scales. Erosion related to natural processes such as sea level rise was not investigated in this study.
Data Sets and Methodology
The overall aim of coastal vulnerability assessments are to act as guidance for scientists, coastal managers and decision makers to consolidate their knowledge on where along the coastline the impacts of Sea Level Rise (SLR), climate change and other non-climate drivers will be most keenly felt. A common form of coastal vulnerability assessment involves calculating an index, a method that can simplify a number of complex and interacting parameters, represented by diverse data types, to a form that is more readily understood and therefore has greater utility as a management tool.
The first Coastal Vulnerability Index (CVI) focusing on the effects of SLR (particularly inundation and erosion) was developed by Gornitz (1990) . This CVI used six physical variables as indicators of a coastline's vulnerability to the impacts of SLR: geomorphology, coastal slope, rate of relative sea-level rise, rate of shoreline erosion/accretion, mean tide range and mean significant wave height. The CVI is calculated as the square root of the product of six variables, ranked from 1 to 5 according to Table 1 , and divided by their total number (Equation (1)) [9] ( ) .
For the calculation of the CVI for the entire coastal area of Oman, data were collected from different sources and complied into GIS database. The geomorphological variables were collected from detailed geomorphological map (at a scale of 1/10,000) carried out on 1986, in the framework of coastal zone management plans and Oman comprehensive national coastal erosion prevention strategy and action plan, for Ministry of Regional Municipalities and Environment. Furthermore, geological developments along the shoreline were recognized using geological maps of the Ministry of Commerce and Industry that have a scale of 1/100,000. The incline of the coastal zone was measured using the Digital Elevation Model (DEM) of Oman with 4 m contour interval (1 m for the low lying coastal plains) obtained from the National Authority Survey. In order to estimate the gradient of the sub-aerial coastal zone the slope of each grid cell with 40 × 40 m mass was measured by identifying elevation limits.
For the sea level change, we have considered only the changes due to eustatism component, since there are no historical records of variable in Oman. For shoreline erosion or accretion rate were derived from previous studies. The mean annual values of significant wave height and tidal Datum have been obtained from the Oman National Hydrographic Office. The assumed tidal range in the Sea of Oman was 0.89 to 1.70 meters. Since 1990, Chart Datum has been established at over 40 sites along Oman's coast from observations conducted by, or under the supervision of, the Royal Navy of Oman's Hydrographic Department (Oman National Hydrographic Office, 2012). Each variable for each coastal segment has been ranked from 1 (very low) to 5 (very high) vulnerability, according to the values provided by Thieler and Hammar-Klose [9] and presented in Table 1 . Subsequently the CVI value for each coastal segment was calculated using Equation (1) in order to have a preliminary assessment of the impacts of sea level rise on coastal areas of Oman. Table 1 . Ranges for vulnerability ranking of the six variables used in Equation (1) 
Results and Discussions
The obtained CVI values along the coastline of Oman vary between 0.32 and 8.35, the median value of the index for the whole study area is 3.81 while the stander deviation is 1.89. The spatial spread of the vulnerability of the coastal line of Oman to the potential sea level rise is presented in Figure 2 . For the coastline of Musandam Governorate 21.1% was classed as very highly vulnerable to SLR coastline which is flanked by the Arabian Gulf in the west, the Sea of Oman in the east and the Strait of Hormuz in the north, is rocky, steep and mountainous. However, sand beaches occur on the Arabian Gulf side, while pocket beaches occur in the east side with sediments derived from near shore source. Numerous small wadis dissect the highly concave shoreline of Musandam which have gravel and sandy beaches.
The CVI classes for the six coastal governorates in the Sultanate of Oman shows that Al Batinah coastline which is located in the northeastern part of the Sultanate of Oman, bounded between the Western Hajar Mountain Range and the Sea of Oman, is the most vulnerable to the SLR (98.5% very highly vulnerable). It extends in a NW-SE trend as a crescent shape and parallel to the mountains for about 230 km from UAE border in the NW to Ras al Hamra in Muscat in the SE. The AlBatinah coast is predominantly non-indented alluvial fans, and characterized by longshore sand transport along a low lying coastal plain fringed by beaches and dunes. The coastal plain is narrow at its northern and eastern ends, while its width in the middle is around 50 km. The coastal plain is composed of continuous alluvial fans drained from the mountains with sediment which varies from gravel and coarse sands to fine sands and silt near the coast. This suggests that most of the beach sediments along the coast are of terrestrial origin [10] .
For Muscat Governorate, 47.5% of the coastline was considered as very highly vulnerable to the SLR. These rates rank the governorate in the second position in term of high vulnerability after Al Batinah Governorate. The coastline between Muscat and Ras al Hadd is a steep cliffed coast with wadis breaking through the raised shore platforms, and some small pocket beaches. The cliffed coast continues south until it gives way to Al Sharqiya Sands, which are predominantly non- For Al-Wusta Governorate, 45.4% and 18.3% of the coast line were considered as very highly and highly vulnerable to SLR. The coastline adjacent to Al Sharqiyah Sands extends south to Barr al Hikman is low lying and characterized by a wide continental shelf with flat beaches covered by beach ridges and sand dunes of offshore source. The coastline between Barr al Hikman Peninsula and Ras Mudrakh is extremely flat sandy coast with beach ridges caused by increasing sand deposit. Farther south, low cliffs are existed and with slightly indented sandy beaches, coral reefs, coastal sabkhas and tidal flats. For Dhofar Governorate, the percentage of the very highly vulnerable class to SLR is the lowest comparing to the rest of the governorates. Dhofar coastline extends south to the border with Yemen Republic. It contains high mountain cliffs with enclosed sand beaches and the relatively wide Salalah coastal plain. The Salalah coastal plain extends approximately 50 km between Taqa and Raysut. It is low-laying sandy coast with many scattered lagoons and tidal inlets that support mangrove stands. To the east and west of it, steep cliffed coasts dominate the area with numerous wadi mouths [11] .
Conclusions
The objective of this article was to apply a CVI to the coastal area of Oman. Upon the application of CVI, clusters of high vulnerability areas were identified according to their sensitivity and dynamic nature. Furthermore increased risks from seal level rise, erosion and extreme weather events were also considered. The coastal line of the governorates of Al-Bathina, Muscat and Al-Wusta has scored high due to the fact that they enjoy similar physical attributes.
Based on that investigation and assessment, a coastal vulnerability database utilizing GIS software was established. This database represents a valuable tool for stakeholders involved in the coastal management. With this database, information could be added and updated when it becomes available therefore making the tool both upto-date and incessantly appropriate. Eventually the application of CVI methods to the coastline of Oman has great potentialities. As a tool it has the ability to be incorporated into an overall coastal management strategy, enabling an effective dynamic management of coastal area of Oman.
